Sugars play an important role in various physiological processes during plant growth and development; however, the developmental roles and regulatory functions of hexoses other than glucose are still largely unclear. Recent studies suggest that blocked embryo development in Norway spruce (Picea abies (L.) Karst) is associated with accumulation of fructose. In the present study, the potential biochemical regulatory mechanism of glucose and fructose was studied during development of somatic embryos of Norway spruce from pro-embryogenic masses to mature embryos. The changes in protein fluorescence, a marker of the Maillard reaction, were monitored in two cell lines of Norway spruce that were grown on media containing sucrose (control), glucose or fructose. Manual time-lapse photography showed that growth of embryogenic cultures on medium containing sucrose was characterized by normal development of mature embryos whereas the embryogenic cultures that were grown on media containing glucose or fructose did not develop mature embryos. The biochemical analyses of embryogenic samples collected during embryo development showed that: (i) the content of glucose and fructose in the embryogenic cultures increased significantly during growth on each medium, respectively; (ii) the accumulation of Maillard products in the embryogenic cultures was highly correlated with the endogenous content of fructose but not glucose; and (iii) the embryogenic cultures grown on fructose displayed the highest protein carbonyl content and DNA damage whereas the highest content of glutathione was recorded in the embryogenic cultures that had grown on sucrose. Our data suggest that blocked development of embryos in the presence of fructose may be associated with the Maillard reaction.
Introduction
Somatic embryogenesis (SE) is an in vitro developmental process during which non-zygotic plant cells form embryo-like structures that are capable of developing into fertile plants (Jimenez 2001) . Owing to its similarities with zygotic embryogenesis, SE is an excellent experimental system for investigating the regulatory mechanisms of embryo development in conifers, including Norway spruce (Businge et al. 2012) . In Norway spruce, SE starts with initiation of embryogenic cultures from zygotic embryos, which are cultured on medium supplemented with 2,4-dichlorophenoxyacetic acid (2,4-D) and N 6 -benzyladenine (BA) as plant growth regulators (PGRs). The presence of both PGRs stimulates the differentiated cells in the zygotic embryos to dedifferentiate and form proliferating pro-embryogenic masses (PEMs). The PEMs are maintained in a proliferative state by leaving the embryogenic cultures on medium supplemented with 2,4-D and BA (Filonova et al. 2000a ). Withdrawal of both PGRs prompts differentiation of early somatic embryos from PEMs; early embryos are subsequently transferred to medium supplemented with abscisic acid (ABA) to undergo further development and mature into Research paper cotyledonary somatic embryos (Filonova et al. 2000b) . Another essential prerequisite for SE is the addition of exogenous sugar to the culture medium. Several studies on carbohydrate utilization have concluded that sucrose is the most suitable source of carbon for supporting proliferation and maturation of somatic embryos in conifers (Schuller and Reuther 1993 , Iraqi and Tremblay 2001 , Lipavská and Konrádová 2004 . From a study investigating the implication of carbohydrate metabolism during white spruce (Picea glauca) and black spruce (Picea mariana) SE, it was concluded that based on high invertase activity, carbohydrate metabolism was adapted to support embryogenic tissue growth during the first 10 days of maintenance and the first week of maturation leading to high cellular levels of fructose and glucose (Iraqi and Tremblay 2001) .
Recently, we used gas chromatography-mass spectrometry (GC-MS)-based metabolite profiling to investigate the regulation of metabolic events during embryo development in three embryogenic cell lines of Norway spruce with different capabilities for somatic embryo development (Businge et al. 2012) . The cell lines exhibited normal and abnormal, and blocked development of embryos. Briefly, the normal cell line developed fully mature somatic embryos with clear cotyledon pairs whereas the abnormal cell line formed somatic embryos with fused cotyledons. In contrast, the blocked cell line did not form embryos after 8 weeks of treatment with ABA (Businge et al. 2012 ). In the same study, the results of the metabolic analyses indicated that the abnormal and blocked cell line contained elevated levels of fructose during differentiation of early embryos when cultured on sucrose-containing medium. Moreover, the blocked cell line also exhibited severe browning of tissue during the period of late embryogeny and embryo maturation (Businge et al. 2012) . A previous study that investigated physiological aging in seeds found that the Maillard reaction was responsible for browning of seed coats in a white-seeded cultivar of snap bean (Phaseolus vulgaris) (Taylor et al. 2000) . Furthermore, Maillard products derived from a model reaction involving fructose were also found to have a cytotoxic effect on Caco-2-cells (Jing and Kitts 2000) .
The Maillard reaction (glycation or non-enzymatic glycosylation) involves a series of chemical reactions that are initiated by interaction between a reducing sugar and an amino group (Schalkwijk et al. 2004 ). In the first step of the Maillard reaction, the carbonyl group of the reducing sugar reacts with amino groups of biomolecules to form a Schiff base. The Schiff base undergoes isomerization to form a stable Amadori or Heyns product depending on whether the reducing sugar involved in the reaction is an aldose or a ketose, respectively (Monnier 1990 ). In the second step, the stable protein product undergoes fragmentation to form highly reactive intermediates and the reaction is terminated by the formation of advanced Maillard products or advanced glycation end products (AGEs) that exhibit polymeric, fluorescent and browning characteristics (Monnier 1990 , Dills 1993 . The Maillard reaction has been implicated in developmental aberrations and detrimental modifications of biomolecules in various species. Accumulation of glucose, lipid peroxides, and Amadori and Maillard products was detected during aging of Mung bean (Vigna radiata) seeds, and a correlation was established between the accumulation of Maillard products and the decline of seed vigor (Murthy and Sun 2000) .
The purpose of the present study was to establish whether a fructose-induced Maillard reaction may contribute to the abnormal and blocked development of embryos that was previously found to be associated with fructose accumulation in the early embryos (Businge et al. 2012) . Glucose is, however, the most prevailing endogenous and exogenous monosaccharide in living organisms, and most studies have focused on the Maillard reaction involving glucose (Levi and Werman 2001) . Therefore, the changes in protein fluorescence, a marker of the Maillard reaction, were monitored in two cell lines of Norway spruce that were grown on media containing sucrose (control), glucose or fructose. Since the Maillard reaction has been associated with DNA damage and alteration of glutathione (GSH) content (Hiramoto et al. 1997 , Baynes 2002 , Yen et al. 2002 , we also measured the changes of DNA damage and GSH content in the cultures of Norway spruce.
Materials and methods

Plant material
Two embryogenic cell lines of Norway spruce, 09.73.06 and 09.77.03, were used in this study. Both cell lines were initiated in 2009 from seeds from elite crossings at the Forest Research Institute in Sweden (Skogforsk). The cell lines are not genetically related but have all previously been characterized with respect to embryo morphology and plant regeneration capabilities. The embryo morphology and plant forming capabilities of both cell lines are similar to normal cell lines in previous studies (Egertsdotter et al. 1993 , Mo et al. 1996 , Businge et al. 2012 . For each cell line, 0.15 g of embryogenic tissue was sub-cultured with a 2-week interval on solidified half-strength LP medium supplemented with 9.0 µM 2,4-D and 4 µM BA (von Arnold and Eriksson 1981) . Differentiation of early somatic embryos from PEMs was stimulated by transferring the cultures to half-strength LP medium lacking PGRs for 1 week. Late embryo development and maturation were promoted by transferring the cultures to DKM medium (Krogstrup 1986 ) supplemented with ABA (29.0 µM) for 8 weeks. The regulatory role of reducing sugars during embryo development was investigated by comparison of embryo development in cultures grown on media containing sucrose (control), fructose or glucose. During proliferation, the cultures were grown on half-strength LP medium containing 29.2 mM of sucrose, glucose or fructose. Thereafter, the cultures were transferred to DKM medium containing 87.6 mM of sucrose, glucose or fructose. The concentrations (29.2 and 87.6 mM) of the sugars were based on the 10 and 30 g l −1 of sucrose that are normally added to the standard half-strength LP and DKM medium, respectively Eriksson 1981, Krogstrup 1986) .
Sucrose, glucose and fructose were separately filter sterilized using 10-ml syringes equipped with 0.2-µm pore filters and added to the other media components after the latter had been autoclaved and cooled. We assumed that this approach would serve as a precaution to prevent the high temperatures during autoclaving from accelerating the Maillard reaction and formation of Maillard products between sugars and other nutrient components (Ball 1953 , Wang and Hsiao 1995 , Kim and Lee 2003 . For each cell line, 30 samples of embryogenic tissue each of 100 mg were collected at the start of the experiment to represent Day 0. Subsequently, 30 samples per cell line were collected at the end of PEM proliferation (Week 2), early somatic embryo differentiation (Week 3), late embryo development (Week 7) and maturation (Week 11). The samples collected after Week 11 consisted of somatic embryos and surrounding embryogenic tissue. The progression of the aforementioned stages of somatic embryo development was monitored using Zeiss STEMI 2000-C and Zeiss AX10 microscopes (Carl Zeiss, Göttingen, Germany).
Extraction and quantification of reducing sugars
Five biological replicates per cell line and sampling time were freeze dried and homogenized by shaking with a stainless steel bead (7 mm diameter) using a bead mill (MM400, Retsch GmbH, Haan, Germany) set to a frequency of 30 Hz s −1 for 2 min. Soluble sugars were extracted and analyzed following the enzymatic digestion method described by Stitt et al. (1989) . Approximately 5 mg dry weight (DW) each of homogenized samples was boiled with 250 µl of 80% ethanol at 95 °C in a heating block for 30 min. Sample extracts were centrifuged for 10 min at 13,000 g and the resultant supernatant (S1) was transferred to a new tube. Residual sugars were recovered by consecutively boiling the pellets with 150 and 250 µl of 80 and 50% ethanol at 95 °C for 30 min, respectively. Each of the resultant supernatants S2 and S3 were collected in new tubes after centrifugation.
Forty microliters of each total ethanolic extract (S1, S2 and S3) and four glucose standards of 0, 0.25, 0.5 and 1 mM were pipetted into a 96-well microplate (Sarstedt, Nümbrecht, Germany) and mixed with 160 µl of reaction mix: 100 mM HEPES/KOH, pH 7, containing 3 mM MgCl 2 , 3 mM ATP, 1.3 mM NADP and 0.6 U glucose-6-phosphate dehydrogenase (Roche Diagnostics GmbH, Mannheim, Germany). Glucose, fructose and sucrose were assayed by adding 1 µl each of hexokinase (0.9 U µl −1 ) (Roche), phosphoglucose isomerase (1.0 U µl −1 ) (Roche) and an excess amount of invertase (Sigma-Aldrich, St. Louis, MO, USA) to the samples after 30-min intervals, respectively. The sugars released from the ethanolic extracts were determined using an Epoch microplate spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA). Sample absorbance maxima at 340 nm were converted to µg mg −1 DW of sugar using the glucose standard curve.
Extraction of soluble proteins
Five biological replicates per cell line and sampling time were used for extraction of soluble proteins. Proteins were extracted following the method described by Murthy and Sun (2000) and Murthy et al. (2003) . Approximately 60 mg FW of embryogenic sample was homogenized in 1.2 ml of phosphate buffer (50 mM, pH 7.2). Two hundred microliters of 10% streptomycin sulfate dissolved in 50 mM HEPES (pH 7.2) was added to the sample extracts to precipitate the nucleic acids. The samples were vortexed and centrifuged at 15,000 g for 15 min. After centrifugation, another 200 µl of 10% streptomycin sulfate was added and the samples were centrifuged again. To avoid interference of non-protein components in the subsequent analyses (Sun and Leopold 1995) , proteins in the ensuing supernatants were precipitated by adding ammonium sulfate (0.55 g ml −1 ) and centrifuging at 15,000 g for 15 min. After centrifugation, the precipitated proteins were re-dissolved in 3.3 ml of phosphate buffer (50 mM, pH 7.2) and purified using PD-10 columns (GE Healthcare, Buckinghamshire, UK) to eliminate substances with molecular weights <6000-8000 Da Leopold 1995, Murthy and Sun 2000) .
Measurement of protein carbonyl content and fluorescence
The carbonyl content of proteins was measured by their reactivity with 2,4-dinitrophenylhydrazine (DNPH) (Levine et al. 1990 ) using a protein carbonyl assay (Cayman Chemical Company, Ann Arbor, MI, USA). Two hundred microliters of each crude protein extract was pipetted into 1.5-ml Eppendorf tubes and mixed with 800 µl of DNPH. Concurrently, 200 µl of each crude protein extract was mixed with 800 µl of 2.5 M HCl and used as controls. All samples were incubated in the dark for 1 h and gently vortexed every 15 min. After incubation, the samples were consecutively precipitated with 1 ml of 20 and 10% trichloroacetic acid, and centrifuged at 10,000 g for 10 min. The resultant pellets were washed three times with 1 ml of ethanol/ethyl acetate mixture (1 : 1), vortexed and centrifuged at 10,000 g for 10 min. After the final wash, each pellet was re-suspended in 500 µl of guanidine hydrochloride and centrifuged at 10,000 g for 10 min. Two hundred and twenty microliters of each resultant supernatant was pipetted into a 96-well microplate and sample absorbances were measured at 370 nm using a microplate spectrophotometer. The carbonyl content of the DNPH-treated proteins against the HCl-treated controls was calculated using sample absorbance maxima and the adjusted extinction coefficient of DNPH (0.011 M −1 cm −1 ), and the carbonyl content was expressed as nmol mg −1 protein.
Maillard products are ultraviolet active and fluorescent (Sun and Leopold 1995) . For that reason, the Maillard products in the cell lines were indirectly quantified by measuring the protein fluorescence following the method described by Murthy and Sun (2000) . The fluorescence intensities of the samples were measured at excitation and emission wavelengths of 350 and 420 nm, respectively, using a SpectraMaxGemini fluorometer (Göteborgs Termometerfabrik AB, Frölunda, Sweden). Maillard products were expressed as percentage fluorescence. The maximal fluorescence intensity was set as 100% and the percentage fluorescence was calculated by dividing the fluorescence of each sample by the maximal fluorescence and multiplying by 100.
DNA damage-apurinic/apyrimidinic site assay
Five biological replicates per cell line and sampling time were used for DNA extraction. Deoxyribonucleic acids (DNA) were extracted from 60 mg FW of embryogenic tissue following the manufacturer's guidelines described in the DNAeasy plant mini kit (Qiagen AB, Sollentuna, Sweden). After extraction of DNA, the DNA damage was measured by the number of apurinic/apyrimidinic (AP) sites using a DNA damage-AP site assay (Abcam, Cambridge, UK). Five microliters of 0.1 µg µl −1 purified DNA sample was pipetted into 1.5-ml Eppendorf tubes and mixed with 5 µl of aldehyde reactive probe (ARP) solution and the samples were incubated at 37 °C for 1 h to tag the DNA AP site. Next, 88 and 2 µl of TE buffer and glycogen were respectively added to each sample followed by 0.3 ml of 99.5% ethanol. The samples were mixed by vortexing and incubated at −20 °C for 10 min. After incubation, the samples were centrifuged at 10,000 g for 10 min to precipitate the AP-site tagged DNA. The resultant pellets were washed three times with 0.5 ml of 70% ethanol and the biotin-tagged DNA pellets were re-dissolved in 1 ml of TE buffer. Sixty microliters of each biotin-tagged DNA sample and six standards of 0, 8, 16, 24, 32 and 40 ARP sites per 10 5 bp were pipetted into a 96-well microplate and mixed with 100 µl of DNA binding solution. The plate was sealed and incubated overnight at room temperature to allow the tagged DNA to bind onto the well surfaces. Subsequently, the DNA binding solution was discarded and each well was washed five times with 250 µl of wash buffer. After the final wash, 100 µl of horseradish peroxidase (HRP) streptavidin solution was added to each well and the plate was incubated at room temperature for 1 h. The HRP solution was discarded and each well was washed five times with 250 µl of wash buffer. After the final wash, 100 µl of HRP developer was added to each well and the plate was incubated at 37 °C for 1 h. Sample absorbances were measured at 650 nm using a microplate spectrophotometer (BioTek) and absorbance maxima were converted to AP sites per 10 5 bp of DNA using the ARP standard curve.
Glutathione assay
Approximately 60 mg FW of embryogenic sample was homogenized in 1.4 ml of cold phosphate buffer (50 mM, pH 7, containing 1 mM EDTA) using a bead mill (Retsch GmbH). The homogenates were centrifuged for 15 min at 10,000 g and the resultant supernatant was transferred to a new tube. The supernatants were deproteinated by adding an equal volume of metaphosphoric acid (Sigma-Aldrich) followed by incubation at room temperature for 2 min and centrifugation at 2000 g for 5 min. Each milliliter of the resultant supernatant was mixed with 50 µl of triethanolamine (Sigma-Aldrich) to increase the pH of the samples before the GSH assay. Fifty microliters of each deproteinated sample and eight GSH standards of 0, 0.5, 1, 2, 4, 8, 12 and 16 µM were pipetted into a 96-well plate (Cayman Chemical Company) and mixed with 150 µl of assay cocktail: MES buffer (11.25 ml), reconstituted cofactor mixture (0.45 ml), reconstituted enzyme mixture (2.1 ml), water (2.3 ml) and reconstituted DNTB (0.45 ml). The GSH released from the sample extracts was determined spectrophotometrically and sample absorbance maxima at 405 nm were converted to µM mg −1 protein of GSH using the GSH standard curve.
Statistical analysis
All calculations of standard error of mean (SEM) and correlation analysis were performed using the algorithm embedded into Microsoft Excel (Microsoft Corporation, Seattle, WA, USA). Differences between treatments at each sampling time were tested by one-way analysis of variance (ANOVA) and post hoc pairwise comparisons between means were made with Tukey's test. All ANOVA analyses were performed using JMP Pro 11 Software (SAS Institute, Inc., Cary, NC, USA).
Results
Development of Norway spruce somatic embryos
To investigate the possible linkages between growth limitation by fructose and glucose, and the Maillard reaction, we first observed how fructose and glucose affected the development of embryos in cell lines of Norway spruce. The cultures of both cell lines proliferated in the presence of PGRs and formed PEMs regardless of the growth conditions. The PEMs consisted of meristematic cells with a dense cytoplasm and vacuolated cells that were highly elongated (Figures 1e, m and 2e , m, and see Figure S1e , m available as Supplementary Data at Tree Physiology Online). For cell line 09.73.06, the withdrawal of PGRs stimulated differentiation of early embryos from PEMs growing on sucrose medium (Figure 1f ), but not on the fructose medium (Figure 1n) . In contrast, cell line 09.77.03 formed early embryos on both sucrose and fructose media (Figure 2f and n) . The cultures of both cell lines formed early embryos during growth on glucose (see Figure S1f , n available as Supplementary Data at Tree Physiology Online). The early embryos exhibited a polar structure with an apical embryonal mass and basal vacuolated suspensor cells (Figures 1f and 2f , n, and see Figure S1f , n available as Supplementary Data at Tree Physiology Online). By the end of embryo differentiation (Week 3), the fructose-grown cultures had started to exhibit browned tissue (Figures 1j and 2j) .
After 4 weeks of exposure to ABA (Week 7), the cultures of both cell lines had formed late embryos on sucrose medium (Figures 1c and 2c) but not on fructose medium (Figures 1k  and 2k) . Cell line 09.77.03 also formed late embryos on glucose medium (see Figure S1k (Figures 1g and 2g) , most of the suspensor cells had been eliminated via programmed cell death as previously described by Bozhkov et al. (2005) . After 8 weeks of exposure to ABA (Week 11), the cultures on sucrose media had formed fully mature somatic embryos with a normal set of cotyledons (Figures 1d and 2d ) and the mature embryos mainly consisted of embryonal masses (Figures 1h and 2h ). In contrast, the fructose-and glucose-grown cultures did not develop normal mature embryos and exhibited brown tissue (Figures 1l  and 2l , and see Figure S1l available as Supplementary Data at Tree Physiology Online). 09.77.03 was 75 and 57 µg mg −1 DW, respectively (Figure 3a  and b) . Thereafter, the content of fructose in the cultures on fructose medium significantly increased and reached maximum levels at the end of Weeks 11 and 7 for cell lines 09.73.06 and 09.77.03, respectively. However, when both cell lines were cultured on medium containing glucose, the endogenous levels of fructose decreased after 2 weeks and remained significantly lower than the initial levels throughout the growth period ( Figure  3a and b) . When the cultures were grown on medium containing sucrose, the endogenous levels of fructose gradually decreased during the entire growth period and the first 7 weeks for cell lines 09.73.06 and 09.77.03, respectively (Figure 3a and b) .
Changes of fructose, glucose and sucrose content
For both cell lines, the content of glucose in the cultures on glucose or sucrose medium significantly increased throughout the growth period (Figure 3c and d) . When cultured on medium containing glucose, the glucose content in cell line 09.73.06 increased and peaked at the end of Week 7 whereas for cell line 09.77.03 it peaked at the end of Week 2 (Figure 3c and d). The sucrose medium also resulted in a significant increase of endogenous glucose content in cell line 09.73.06 from 41 initially to 177 µg mg −1 DW by the end of the maturation period. During the same period, the glucose content in cell line 09.77.03 also increased from 15 initially to 158 µg mg −1 DW (Figure 3c and d) . The cultures of both cell lines showed very low levels of endogenous sucrose when grown on medium containing sucrose, fructose or glucose (see Figure S2a , b available as Supplementary Data at Tree Physiology Online).
Accumulation of Maillard products in embryogenic culture proteins
We indirectly examined the modification of proteins through the Maillard reaction by measuring the fluorescence of purified proteins. For both cell lines, the protein fluorescence in the cultures on fructose medium significantly increased from Day 0 and peaked at the end of the maturation period (Figure 4) . However, for both cell lines, when fructose in the medium was replaced by glucose, the protein fluorescence fluctuated with particularly high values at the end of the PEM proliferation and late embryogeny period (Figure 4 ). For both cell lines, the endogenous content of fructose was strongly correlated with the protein fluorescence in the cultures on fructose medium (Figure 5a and b) . In contrast, the contents of glucose and protein fluorescence in the cultures on glucose medium were not strongly correlated (Figure 5c and d) . The strong correlation between fructose content and protein fluorescence suggests that the observed browning of tissue in the cultures on fructose medium may be due to accumulation of Maillard products.
Changes of protein carbonyl content and DNA damage
On Day 0, the protein carbonyl content in cell lines 09.73.06 and 09.77.03 was 10 and 19 nmol mg −1 protein, respectively ( Figure 6 ). For both cell lines, the protein carbonyl content in the cultures on glucose medium decreased within the first 2 weeks and stayed below the initial levels throughout the growth period (Figure 6 ). When cultured on medium containing fructose, the protein carbonyl content in cell line 09.73.06 stayed constant during the first 2 weeks and slightly increased to 12 and 11 nmol mg −1 protein at the end of Weeks 3 and 11, respectively (Figure 6a) . However, when cell line 09.77.03 was cultured on fructose medium, the protein carbonyl content in its cultures significantly increased from Day 0 and reached maximum levels at the end of Week 7 (Figure 6b ). For cell line 09.73.06, substitution of fructose by sucrose in the medium resulted in a decrease of protein carbonyl content throughout the growth period (Figure 6a) . However, for cell line 09.77.03, substitution of fructose by sucrose in the medium resulted in a slight decrease of protein carbonyl content within the first 3 weeks. Thereafter, the protein carbonyl content increased to reach final levels significantly higher than initial levels (Figure 6b ). The DNA damage-AP site assay allowed the measurement of DNA damage in the cultures of cell lines 09.73.06 and 09.77.03. Apurinic/apyrimidinic sites are some of the major lesions in DNA formed during base excision and repair of oxidized bases (Boiteux and Guillet 2004) . On Day 0, the DNA damage in cell lines 09.73.06 and 09.77.03 was ~25 AP sites per 10 5 bp of DNA (Figure 7) . From Day 0, and until the end of the maturation period, the DNA damage in the cultures on fructose medium significantly increased and remained above its initial level for both cell lines (Figure 7 ). In contrast, for both cell lines, the DNA damage in the cultures on glucose medium decreased rapidly after 2 weeks. Subsequently, the DNA damage in the glucose-grown cultures stayed significantly lower than its initial level for both cell lines (Figure 7) . When cultured on medium containing sucrose, the DNA damage in cell line 09.73.06 increased slightly at the end of Week 7 and then dropped below its initial level at the end of Week 11 (Figure 7a ). However, replacing fructose in the medium by sucrose resulted in increases of DNA damage at the end of Weeks 2, 3 and 7 for cell line 09.77.03 (Figure 7b ).
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Changes of GSH content
Both cell lines showed similar GSH content (0.3 µmol mg −1 protein) on Day 0 (Figure 8 ). When cultured on medium containing sucrose, the GSH content in cell line 09.73.06 stayed constant at ~0.28 µmol mg −1 protein during the first 3 weeks and then rapidly decreased to reach final levels significantly lower than initial levels (Figure 8a) . However, the GSH content in the sucrose-grown cultures of cell line 09.77.03 rapidly decreased after 2 weeks but significantly increased after Week 7 (Figure 8b ). In general, for both cell lines, substitution of sucrose in the medium by fructose or glucose significantly Sugars and embryo development 665 decreased the GSH content in the cultures during the entire growth period (Figure 8 ).
Discussion
The previous observation that embryogenic cell lines of Norway spruce with abnormal and blocked development of embryos contained elevated levels of fructose (Businge et al. 2012) suggested that the Maillard reaction may play a role in the failure of the cell lines to form normal embryos. Particularly noteworthy, the blocked cell line also exhibited severe browning of tissue (Businge et al. 2012) , which has also been associated with the Maillard reaction in seeds of snap bean (P. vulgaris) (Taylor et al. 2000) . Since the discovery of the Maillard reaction in 1912, most studies have strongly focused on the implications of the reaction in food processing (Ames 1990 , Nicoli et al. 1997 , Morales and Jiménez-Pérez 2001 , Stadler et al. 2002 , Jaeger et al. 2010 , human age-related studies (Thorpe and Baynes 1996 , Verzijl et al. 2000 , Monnier et al. 2005 , Tessier 2010 ) and to a lesser extent in plant development (Sun and Leopold 1995 , Murthy and Sun 2000 , Murthy et al. 2003 . The aim of the present study was to examine whether the Maillard reaction is a possible mechanism through which reducing sugars may inhibit the development of embryos in Norway spruce.
We used two embryogenic cell lines of Norway spruce that were grown on media containing fructose or glucose for comparison with growth on standard media containing sucrose (test and control conditions, respectively). The studied cell lines are Type A cell lines and have previously been shown to exhibit normal development of somatic embryos when grown on media containing sucrose and ABA (Egertsdotter et al. 1993 , Businge et al. 2012 . When cultured on sucrose, embryo development progressed normally through PEM proliferation, early embryos with a polar structure, to fully mature cotyledonary embryos, similar to what has been reported for normal development of somatic embryos in Norway spruce (Larsson et al. 2008) . In contrast, when cultured on fructose or glucose, the cultures exhibited blocked development of embryos and severe browning of tissue after the period of embryo differentiation, late embryogeny and maturation (Figures 1 and 2 , and see Figure S1 available as Supplementary Data at Tree Physiology Online). Kubeš et al. (2014) showed that Norway spruce embryogenic cultures at the early stage of maturation on sucrose medium contained low quantities of sucrose and high and almost the same quantities of glucose and fructose. In the present study, analysis of endogenous sugar content from the period of PEM proliferation until embryo maturation showed that cultures on sucrose or glucose medium contained increased levels of glucose while the fructose-grown cultures contained increased levels of fructose (Figure 3 ). In addition, the sucrose-, glucoseor fructose-grown cultures exhibited very low levels of endogenous sucrose (see Figure S2 available as Supplementary Data at Tree Physiology Online). Although the content of endogenous glucose significantly increased in the cultures on sucrose or glucose medium, only the sucrose-grown cultures developed mature cotyledonary embryos (Figure 3 and see Figure S1 available as Supplementary Data at Tree Physiology Online). There was however no strong correlation between the content of glucose and accumulation of Maillard products in the cultures grown on glucose (Figure 5 ), suggesting that the blocked development was not correlated to the Maillard reaction.
Glucose has however been implicated in the regulation of early plant development, including seed germination and seedling development in Arabidopsis through a mechanism 666 Businge and Egertsdotter of crosstalk between glucose and phytohormone signaling (Price et al. 2003 , Dekkers et al. 2004 , Gibson 2005 . It has also been found that reactive glycolytic intermediates such as 1,3-bisphosphoglycerate can react with lysines in glycolytic enzymes in a non-enzymatic manner leading to massive impact of metabolic fluxes and cellular homeostasis (Moellering and Cravatt 2013) . The apparent inhibitory effect of glucose on embryo development likely involves mechanisms other than the Maillard reaction.
In the cultures grown on fructose, there was, however, a strong correlation between the accumulation of Maillard products and the content of fructose ( Figure 5) . A possible explanation for this finding is that the highly reactive Heyns products from ketones are quickly converted to AGEs compared with the Amadori products from aldoses (Suarez et al. 1989) . Furthermore, the stronger reducing capacity of fructose makes it a more powerful initiator of the glycation reaction compared with glucose (Semchyshyn et al. 2011) . Previous studies of bacterial and mammalian cells provide strong evidence that the Maillard reaction generates reactive radicals that induce a wide spectrum of DNA damage, including single-strand breaks and mutations (Hiramoto et al. 1997 , Baynes 2002 . Our finding that cultures grown on fructose exhibit elevated levels of DNA damage compared with cultures grown on glucose is consistent with a study showing that fructose and its phosphate metabolites can modify and damage DNA faster than glucose and its phosphate metabolites (Levi and Werman 2001) .
Glutathione is an important antioxidant that protects cells against oxidative stress and its cellular levels are maintained by glutathione reductase (Xiang et al. 2001 , Cairns et al. 2006 , Mhamdi et al. 2010 . In the present study, the highest content of GSH was detected in the cultures grown on sucrose (Figure 8 ). The importance of GSH during embryo development has been demonstrated in Arabidopsis in which mutation of the gene (GSH1) that encodes the first enzyme (γ-glutamylcysteine synthetase) of GSH biosynthesis resulted in an embryo-lethal phenotype (Cairns et al. 2006) . Furthermore, it has also been found that addition of GSH to culture medium enhanced the embryo-forming capacity in embryogenic cultures of white spruce (P. glauca) (Belmonte and Yeung 2004) . The mechanism by which the Maillard reaction affects GSH content has thus far been described in mammalian cells. Studies by Yen et al. (2002) with lymphocyte cells revealed that Maillard products derived from a reaction between fructose and lysine reduced the activity of glutathione reductase and the content of GSH, and also caused significant damage to DNA. These findings are also supported by an earlier study by Blakytny and Harding (1992) , who found that incubation of glutathione reductase with glucose, glucose-6-phosphate or fructose leads to time-dependent inhibition of glutathione reductase. The authors proposed that non-enzymatic glycosylation may interfere with enzyme activity, possibly by blocking the active site or by altering the protein structure, which in turn affects the activity of the enzyme. While we did not measure the activity of glutathione reductase, it is an intriguing possibility that the observed changes of GSH content in the fructose-and glucose-grown cultures might involve interference with GSH biosynthesis. Therefore, the low content of GSH recorded in the glucose-and fructose-grown cultures would suggest that the cells are susceptible to oxidative stress, which could in turn restrict the development of embryos. However, it is unclear why the embryogenic cultures of both cell lines differed in the content of GSH when cultured on medium containing sucrose.
Yeast grown on fructose exhibited higher levels of protein carbonyls and reactive oxygen species than yeast grown on glucose (Semchyshyn et al. 2011) . Our findings showed that the protein carbonyl content was higher in the cultures grown on fructose than in cultures grown on glucose. Protein carbonylation, a marker of protein oxidation, involves oxidative attack on the amino-acid residues of proteins and leads to impairment of protein structure and function, and increased susceptibility of proteins to proteolysis (Berlett and Stadtman 1997 , Dukan et al. 2000 , Job et al. 2005 . It remains unclear how protein carbonyls may inhibit the development of embryos. However, several studies have affirmed that increased levels of carbonyl species are associated with genotoxicity, carbonyl stress and increased mortality in yeast and mammalian cells (Roberts et al. 2003 , Suji and Sivakami 2007 , Semchyshyn et al. 2011 ).
In conclusion, our study contributes to a better understanding of the developmental role and potential regulatory mechanisms of hexoses during plant growth and development. Notably we show that substituting sucrose in the medium by equimolar concentrations of glucose or fructose results in blocked development of embryos in embryogenic cultures of Norway spruce. A strong correlation between the content of fructose and the accumulation of Maillard products in cultures grown on fructose suggests that the apparent inhibitory effect of fructose may be linked to the Maillard reaction. Furthermore, the data also suggest that the inhibitory effect of glucose with respect to embryo development is not solely due to the Maillard reaction.
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